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Abstract

The ignition of hydrogen-air mixtures by a stationary hot glow plug has been exper-
imentally investigated using two-color pyrometry and interferometry. The ignition
process was characterized by the surface temperature at ignition, as well as by the
location where the initial flame kernel was formed. The experimental results indicate
that: (i) the ignition temperature threshold is a function of equivalence ratio; (ii) the
ignition location is a function of the rate at which the glow plug is heated because
high heating rates favor non-uniform heating. As a result, ignition occurs on the side
rather than near the top face of the glow plug. Comparison with two-dimensional
numerical simulations exhibits discrepancies in terms of the temperature threshold
value and dependence on equivalence ratio. Simulations performed imposing a non-
uniform surface temperature show that a temperature difference between the side
and the top of the glow plug as low as 12.5 to 25 K resulted in side ignition for
hydrogen-air mixtures. The effect of surface chemistry was estimated numerically
by imposing a boundary condition of zero species concentration for intermediate
species, H and HO,, at the hot surface , which increased the ignition threshold by
up to 50 K for an initial Hy concentration of 70 %. The present study shows that
surface temperature non-uniformity, heterogeneous chemistry and reaction model
used, could influence the experimentally reported and numerically predicted igni-

tion threshold as well as the location of ignition.
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1. Introduction

The accidental ignition of lammable mixtures and subsequent flame propagation
is a major safety concern for a number of industrial activities such as commercial
aviation, chemical processes, nuclear energy production, and mining [1-3]. Heated
surfaces represent a potential hazard that needs to be assessed in order to prevent
and mitigate accidental combustion events. For hot surface ignition, several cases
can be differentiated based on two important parameters: (i) whether the surface is
stationary or moving with respect to the reactive gas; (ii) the characteristic length
scale of the hot surface. Previous work has shown that, in the case of station-
ary hot surfaces, two ignition regimes exist, low and high temperature ignition. For
extended large surfaces, low-temperature chemistry needs to be considered. This lat-
ter configuration is more relevant to hydrocarbon fuels like n-alkanes which exhibit
auto-ignition temperature on the order of 500 K as reported by Colwell and Reza
[4], Kuchta et al. [5] and Council [6]. For localized small surfaces, high-temperature
chemistry needs to be considered. The present study focuses on a stationary local-
ized surface with an imposed heating rate. Similar configurations were studied by
Roth et al. [7, 8], Beyer and Markus [9], Dubaniewicz [10], Dubaniewicz et al. [11],
Dubaniewicz et al. [3], Bothe et al. [12], Homan [13], Boettcher et al. [14], Boettcher
[15], and Menon et al. [16]. These previous studies demonstrated the importance of
the mixture chemical properties and surface properties (e.g. geometry, material) on

the minimum surface temperature required to ignite a reactive gas.

Another important parameter for hot surface ignition is the rate at which the
surface is heated. In the low-temperature regime, Boettcher et al. [17] and Melguizo-
Gavilanes et al. [18] showed that the heating rate imposed on an extended hot surface
determines the type of reaction that the reactive mixture experiences, namely slow
oxidation or rapid explosion. For a small hot surface, Menon et al. [16] showed
that for m-hexane-air mixtures, the chemical processes characteristic of the nega-
tive temperature coefficient region influence the ignition behavior. In a previous
study by Mével et al. [19], the effect of the hot surface heating rate on the igni-

tion threshold and ignition location (relative to the hot surface) was investigated,

3



using a commercial glow plug. It was found that for hydrogen-air mixtures, fast
heating of the ignition device (~200 K/s) could modify the evolution of the reported
minimum ignition temperature as a function of equivalence ratio and lead to side
ignition. However, under ideal conditions, ignition should not take place at the side
of the glow plug as shown by Melguizo-Gavilanes et al. [20, 21] and Boeck et al.
[22]. Numerical simulations by Melguizo-Gavilanes et al. [20, 21] have predicted
ignition to occur at the location where chemical runaway is favored because heat
transport by conduction and mass diffusion is minimized. In addition, Boeck et al.
[22] showed using a uniformly heated horizontal cylinder that, the most favorable
ignition location is where the spatial temperature gradient is the shallowest, that
is where the thermal boundary layer is the thickest. For the commercial glow plug
employed by Mével et al., the location at which these conditions are fulfilled corre-
sponds to the stagnation point at the top wall. Consequently, non-ideal effects such
as non-homogeneous heating of the glow plug surface could influence the ignition
threshold and the ignition location.

The present study investigates the effect of surface temperature non-homogeneity
on the hot surface ignition threshold and ignition dynamics for hydrogen-air mix-
tures of different equivalence ratios. In particular, we seek to explain the mechanism
whereby side ignition occurs for the specific hot surface (a commercial glow plug) we
employed in several of our previous studies. To achieve this goal, we (i) performed
spatially and temporally resolved measurements of surface temperature during the
heating period which enabled us to validate and verify our numerical simulations,
(ii) measured the thermal ignition threshold over the entire range of flammability
of Ha-air mixtures which complements previous measurements done at specific con-
centrations, (iii) quantified the effect of temperature non-uniformity on the ignition
threshold through numerical simulation using realistic profiles and parametric analy-
ses, and (iv)performed a preliminary investigation of the effect of the species surface

boundary conditions on the ignition threshold.



2. Experimental setup

2.1. Combustion vessel

The ignition experiments were performed in a closed vessel with a volume of
2.2 L. This combustion facility has been previously described in detail by Boettcher
et al. [14], Boettcher [15] and Menon et al. [16]. Briefly, the vessel inner dimensions
were 114 mm x 114 mm x 171 mm. Quartz windows on each side of the vessel
enabled optical access, and an additional sapphire window provided access for optical
temperature measurement. An electrically heated glow plug (Autolite 1110) was
used as the hot surface vertical cylinder 9.3 mm in height and 5.1 mm in diameter)
bounded by a horizontal plate at the bottom. The glow plug was connected to a
low voltage power supply for heating and placed at the center of the bottom plate
of the vessel. A pressure transducer (Heise model 901A) located on the filling line

of the vessel was used to prepare the mixtures using the partial pressure method.

2.2. Surface temperature measurement

A two-color pyrometer was used to make non-contact measurements of the glow
plug surface temperature by comparing the intensity of radiation emitted by the hot
glow plug in 100 nm bands around two different near-infrared wavelengths, 1705 and
1940 nm. The relationship between intensities at each wavelength A and temperature
T is derived from Plank’s law. For small A, the spectral irradiance Ly(7") writes
L(T) » exC1/N° exp(=C3/AT"), where ¢ is the spectral emissivity, and C; and Cy
are Plank’s radiation constants. The radiation intensity I(7’) is obtained for small
bandwidths AX: I(T) » \C1/N\° exp(—C2/AT)AN. The relationship between the
ratio of radiation intensities, I;/l5, at two wavelengths, A\; and Ay, and temperature,

T, is expressed as

m(%):%w (1)

where A =Cy(1/Ay—1/A\;) and B = In[(AJAN)/(AJAN)].
Coefficients A and B in Equation 1 were obtained through calibration using a Pro-

cess Sensors BBS1200 black body radiation source with variable aperture.



Note that Equation 1 assumes wavelength-independent emissivity. However, for
the glow plug material (stainless steel 316) a difference in emissivity of up to 2.5
%, was reported by Touloukian and DeWitt [23] between the two pyrometer wave-
lengths used. This results in a measurement uncertainty (see Coates [24]), unless,

the emissivity variation is taken into account using

1 )\1)\2 (61) 1 ]_1
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where T is the real surface temperature, 7), is the measured temperature assuming

wavelength-independent emissivity, and €; and €, are the emissivities at the wave-

lengths \; and \g, respectively.

To estimate the overall systematic surface temperature measurement uncertainty,
the following components were taken into account: (1) calibration uncertainty due
to accuracy and stability of the calibration source (4/-0.2%); (2) effect of signal
noise (+/-1%); (3) effect of variability in emissivity (see Equation 2, e.g., +0/-2.5%
at 1000 K); (4) temperature difference between the location of the temperature
measurement and the ignition location (+/-2.5%, s. subsection 4.1). The overall

uncertainty will be shown by error bars in Figure 6 and is on the order of +3.7/-6.2%.
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Figure 1: Schematic of the optical pyrometer layout.

In, Mével et al. [19], we found that the measurement accuracy of the ignition
threshold was very sensitive to the calibration method and the optical design of

the two-color pyrometer. Consequently, a new chromatic aberration-compensated



pyrometer with a small field-of-view was implemented to enable an accurate and pre-
cise local measurement of the glow plug temperature. Figure 1 shows a schematic of
the improved two-color pyrometer. The light from the glow plug passes through a
convex lens, a dichroic beam splitter with a cutoff wavelength of 1800 nm, and two
bandpass filters. Finally, intensities are registered by two InGaAs photo detectors.
Focal shift due to chromatic aberration was computed for the specific convex lens
and is compensated for by different path lengths between the dichroic mirror and

the respective detectors.
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Figure 2: Measured pyrometer sensitivity profiles for the two wavelength bands examined.

Variation of the black body aperture enabled the characterization of the pyrom-

eter field-of-view and spatial sensitivity profile. The pyrometer was focused on the



aperture center and intensities [; and I, were recorded for five black body aperture
radii. Various black body temperatures were used to minimize potential effects of
non-uniform emission. Each increase in aperture radius corresponded to the addi-
tion of an emitting ring area and caused an increase in intensity. Assuming spatially
uniform emission from the black body surface, the discrete spatial sensitivity was
defined as the intensity collected from a respective ring area, divided by the area of
the ring, and assigned to the arithmetic mean of outer and inner radius of the ring.
Figure 2 shows normalized sensitivity as a function of pyrometer field-of-view radius
for both detectors, i.e., for both wavelength bands. Discrete sensitivities (markers)
were approximated by a Gaussian (lines) with a FWHM of 1.02 mm and a 1/e? di-
ameter of 1.72 mm. Due to chromatic shift compensation, the sensitivity diameters

differ by less than 1.6% between the two wavelength bands.
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Figure 3: Schematic of the Mach-Zehnder interferometer.

2.3. Flow visualization

Figure 3 shows a schematic of the Mach-Zehnder interferometer used to visualize
the gas density field in the vessel. A 532 nm solid state laser (Spectra Physics
Excelsior) was used as the light source. The beam was expanded and divided by a

prismatic beam splitter cube. One beam was directed through the vessel and then



turned with a mirror. The other beam (i.e. the reference beam) was also turned with
a mirror and the two beams were subsequently recombined in a second prismatic
beam splitter cube. A 500 mm focal length converging lens between the cubic prism
and high-speed camera (Phantom V 7-11) was used to locate the camera focus in
the glow plug center plane. The interferograms obtained with the Mach-Zehnder
interferometer capture the optical path length difference between light traveling
through the combustion vessel with refractive index n(z) and a reference field with
initial refractive index ng. In the present experiment configuration, z corresponds to
the axis that is normal to the vessel windows. The optical phase difference, Ay, is

related to the refractive index by

2 &2

Np=p-po= [ n()-mo]dz, (3

where & and & are the locations along the z—axis where a ray of light enters and
leaves the test section, respectively, and A is the wavelength of the light source. The
intensity, I, of a two-dimensional fringe pattern is represented by an amplitude and

frequency modulated function,

I(x,y)=a(z,y) +b(z,y)cos (Ap (z,y)) (4)

where @ denotes the background illumination and noise, bis the amplitude, and ¢ is
the phase, see Rastogi and Hack [25]. The phase demodulation of the interferograms,
i.e. obtaining Ay, is accomplished by using the 2D Windowed Fourier Filtering
method (WFF2) of Kemao [26].

We did not make a detailed investigation of the temperature field in the present
study. The quantitative application of interferometry to temperature measurement

in ignition situations and validation are discussed in depth by Coronel et al. [27, 28].

2.4. FExperimental procedure

Prior to each experiment, the vessel was evacuated to less than 10 Pa and filled
with hydrogen, oxygen and nitrogen to obtain the desired mixture. The gases were
then mixed using a circulation pump, and left to settle for 3 minutes. The power
supply was turned on to start heating of the glow plug. Measurement systems

were synchronized with the power supply. The vessel gas temperature and pressure,



and the pyrometer detector voltages were recorded using two digital recorders (Pico
Technology PicoScope and LeCroy Wavesurfer 44 MXs). The Phantom V 7-11 high-
speed camera was operated at 10,000 fps and triggered from the pressure increase

during the combustion event.

3. Numerical methodology

3.1. Governing equations

The motion, transport and chemical reaction in the gas surrounding the glow
plug were modeled using the variable-density reactive Navier-Stokes equations with
temperature-dependent transport properties. Differential diffusion effects were taken
into account using a constant but non-unity Lewis number for each species, Le;, as
proposed by Poinsot and Veynante [29]. The form that the heat and mass diffusion
fluxes take when written as a function of Le; can be found in Melguizo-Gavilanes
et al. [20] along with all the computational methodology, spatial and temporal dis-
cretization details, and models used to account for the functional temperature de-
pendence of mixture viscosity, thermal conductivity and specific heat. Thermodif-
fusion (Soret effect) and radiation were neglected. The governing equations were
solved in an axisymmetric two dimensional geometry using the Open source Field
Operation And Manipulation (OpenFOAM) toolbox (Weller et al. [30]). Our im-
plementation of the code has been validated in various ignition studies comprising
different geometries, modes of heat transfer (e.g. forced and natural convection),
and ignition timescales, see Melguizo-Gavilanes et al. [20, 21, 31, 32], Jones et al.

[33], Melguizo-Gavilanes et al. [18], and Mével et al. [34], respectively.

3.2. Chemical kinetic mechanisms

The chemistry was modeled using Mével et al. [35, 36], Hong et al. [37], Konnov
[38], and GRI-Mech 3.0 [39] reaction models. These detailed mechanisms for hydro-
gen oxidation include for the Hy-Oo-diluent system 11 species and 42, 40, 37, and
36 reactions, respectively. In the 11 species mentioned, Ar and Ny are included as
diluents. In addition, the sub-model of Mével et al. [35] for excited OH* radicals

was added to each model because the time to OH* peak was used as our ignition
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criterion for the adiabatic constant pressure 0-D simulations. It accounts for 9 of the
total reaction number given above. Although all mechanism were validated against
extensive kinetics databases, they show significantly different behaviors (see subsec-

tion 5.1 for a detailed discussion).

3.3. Domain, initial and boundary conditions

The geometry simulated closely corresponded to that described in section 2. The
rectangular prism used in the experiments was approximated by a cylindrical vessel
of radius 114 mm and height 171 mm with a glow plug of 9.3 mm x 5.1 mm located
at (0,0). There were 200,000 cells in the 2D-axisymmetric computational domain,
compressed near the wall of the glow plug, with a minimum cell size of 80 um to
resolve the thermal and hydrodynamic boundary layers.

The initial conditions were P, = 101kPa, T, = 300K, U, = (0,0) m/s, and mass
fractions Yu,, Yo,, Yn,, corresponding to a hydrogen mole fraction ranging from
10% to 70%. No-slip boundary condition and constant temperature Ty, = T, were
imposed on the vessel walls. On the glow plug surface, a prescribed temperature
ramp given by T'(t) = T, + rt with r = 220K /s was used. This heating rate is higher
than the one used in the experiments (55 - 65 K/s). For heating rates in this range,
we have previously shown [20] through experiment and numerical simulation that
the effect on ignition threshold is modest varying at most by 25 K for heating rates
between 18 and 190 K/s. Only for extremely slow heating rates, corresponding
to large surfaces and longer residence times [17] is heating rate expected to be a
significant factor. Finally, the boundary conditions for species were set to either

zero flux or zero concentration to assess the effect of surface reactions.

4. Experimental results

4.1. Characterization of the glow plug surface temperature during heating

To characterize the glow plug surface temperature during the heating process,
scanning pyrometry was employed. This approach is similar to that previously used

by Boeck et al. [22] for studying ignition of hydrogen-, ethylene-, and n-hexane-air
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Figure 4: Glow plug surface temperature profiles obtained from scanning pyrometry in air for a
heating between 298 and 1000 K at an average rate of 65 K/s. Profiles represent averages between

consecutive bidirectional scans.

mixtures by a vertical /horizontal hot cylinder. The two-color pyrometer field-of-view
was translated vertically at a rate of 6.35 mm/s along the glow plug side between
the stagnation plate and the glow plug tip, using a translation stage motorized by
a stepper motor. This resulted in duration of each scan of about 1.5 s. In order to
minimize the effect of transient heating on the measurement, we performed pair-wise
averaging of consecutive scans. For the present heating rate, the error arising from
the assumption of piece-wise linear heating between consecutive scans is smaller
than +/- 3 K at all times during the heating process, and diminishes towards the

end where a steady-state temperature profile is approached.

Figure 4 presents temperature profiles at times between 7.6 and 41.2 s after the
beginning of heating in air. Since the glow plug is heated internally by a coiled
wire located in the upper section, a distinct temperature peak is observed at heights
above the stagnation plate, y, between 6 and 8 mm. Since the temperature scans are
convoluted with the Gaussian pyrometer sensitivity profile, readings in regions below
1.5 mm and above 7.8 mm cannot be interpreted. In the current setup the glow plug
temperature at the time of ignition can only be measured at the side of the glow
plug. For the ignition experiments, we positioned the pyrometer field-of-view at the
location of maximum temperature (6< y <8). However, ignition preferentially occurs

at the glow plug top as will be shown later. To assess the difference in temperature
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between the top and side of the glow plug measurement location, we performed
additional pyrometer scans of the top and compared against the peak temperatures
on the side at corresponding times. This revealed a slightly lower temperature at the
top compared to the side with a maximum difference of 2.5% (25 K). This difference
is accounted for as part of the measurement uncertainty for the ignition threshold,

see subsection 2.2.
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Figure 5: Optical phase difference Ay fields illustrating the effect of the heating rate on the ignition
location. Conditions: stoichiometric hydrogen-air; P=101 kPa; T, = 300 K; Heating rate 60 K/s
with top ignition (left) and 180 K/s with side ignition (right).
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4.2. Ignition location and thresholds

Figure 5 shows time-resolved experimental optical phase difference fields of the
ignition process. Line-of-sight integrated phase difference from interferometry is re-
ported rather than temperature since the latter can only be obtained in the case of
axisymmetric ignition events. For a moderate heating rate, 60 K/s (left column),
ignition occurs just above the top of the glow plug on the symmetry axis. At higher
heating rates, 180 K/s, ignition is observed to occur on the side of the glow plug
(right column). This asymmetry was previously attributed by Mével et al. [19] to
inhomogeneous glow plug surface temperature at high heating rates. Rapid heating
increases the uncertainty of the ignition threshold measurements since the location
of ignition is random and possibly has a different temperature than the area mon-
itored with the pyrometer. As a result, a moderate heating rate of 55-65 K/s was

chosen to determine the ignition thresholds shown in Figure 6.
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Figure 6: Evolution of the ignition temperature threshold as a function of hydrogen mole fraction
for hydrogen-air mixtures. Conditions: P=101 kPa, and 7, = 300 K. Lower (LFL) and upper
(UFL) flammability limits are shown as dashed and dotted vertical lines, respectively. Error bars

indicate temperature measurement uncertainty, see subsection 2.2.

Figure 6 shows the variation of the ignition threshold as a function of hydrogen
mole fraction. The reported temperatures are the peak temperatures on the side of
the glow plug at the time of ignition, measured with the stationary pyrometer at

a height y of 6-8 mm (see Fig. 4). For the no-ignition cases, the highest surface
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temperature reached after a heating time of 60 s is reported. Ignition thresholds
increase from lean to rich mixtures, ranging between 1010 K and 1100 K with an
additional increase to 1170 K close to the upper flammability limit. For all hydrogen
mole fractions tested, ignition took place symmetrically above the top of the glow
plug. The variability in ignition threshold between repeated tests was much smaller,
on the order of 0.2%, in comparison to the measurement uncertainties, which are on
the order of +3.7/-6.2%. For example, three tests at a hydrogen concentration of
5% resulted in ignition thresholds of 1012 K, 1017 K and 1015 K.

5. Numerical results

5.1. Reaction model selection

Hot surface ignition is the result of competition between reaction and and dif-
fusive transport of species and thermal energy. Using 1-D numerical simulations,
Coronel [40] showed, using an impulsively heated hot plate, that the ignition delay-
time is increased up to 50% as compared to 0-D calculations. The importance of
radical diffusion on the ignition threshold for moving hot spheres was also empha-
sized by Melguizo-Gavilanes et al. [32]. Acknowledging that the effects of diffusion
are important, we have separately investigated the influence of the choice of reaction
rates and mechanism by carrying out a series of zero-dimensional, adiabatic induc-
tion time computations with various mechanisms. These calculations are very rapid

and can be used to quickly explore differences between reaction mechanisms.

A large number of reaction models are available to describe the combustion of
hydrogen-oxygen mixtures, see Olm et al. [41]. The predictions and accuracy of
these models differ strongly depending on the parameter of interest as shown by
Chaumeix et al. [42], Mével et al. [43], and Olm et al. [41]. In the present study,
eight models were considered: Mével et al. [35, 36], Hong et al. [37], Konnov [38],
GRI-Mech 3.0 [39], JetSurf [44], CaltechMech [45], O Conaire et al. [46], and Le Cong
[47]. Figure 7 shows the predictions of the eight reaction models for 0-D adiabatic

constant pressure simulations for a stoichiometric hydrogen-air mixture at P=101
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Figure 7: Evolution of the constant pressure (P=101 kPa) ignition delay-time of a stoichiometric

hydrogen-air mixture as a function of temperature for eight reaction models.

kPa. The ignition delay-time was defined as the time to maximum OH concentration.

While the reaction models predictions are consistent in the high-temperature
range, very large differences are seen at temperatures below 1000 K. For example,
at 900 K, GRI-Mech predicts an ignition delay-time 160 times longer than Kon-
nov’s mechanism. To investigate further the effect of reaction model on the ignition
threshold, four models were selected: (i) the GRI-Mech, which predicts the longest
delay-time, (ii) Konnov’s model, which predicts the shortest delay-time, (iii) Mevel’s
model, which predicts intermediate delay-time, and (iv) Hong’s model, whose pre-
dictions are the most sensitive to equivalence ratio. This aspect is illustrated in
Figure 8 which shows the evolution of the delay time as a function of temperature
for mixtures with different hydrogen concentrations. The temperature at which an
abrupt change of activation energy (cross-over temperature between low- and high-
temperature chemistry) is predicted to increase by about 50 K between the mixtures
containing 10% and 70% of Hy by the model of Hong et al. whereas for the other
models, this increase is predicted to be of 10 to 20 K. The difference in prediction be-
tween the different models can mainly be explained by the value of the rate constant

used for the reaction H4-Oq(+M)=HOy(+M).
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Evolution of the constant pressure (P=101 kPa) ignition delay-time of hydrogen-air
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5.2. 2-D fields during ignition

5.2.1. Uniform heating

A detailed analysis of the ignition dynamics for the present geometry was performed
in Melguizo-Gavilanes et al. [20] to identify important flow features such as thermal
and hydrodynamic boundary layers, flow separation, thermal plume temperature, ve-
locity distributions, chemical activity and ignition location. Here we show the typical
ignition evolution predicted for a uniformly heated surface, and use it to support a
later discussion on the effect of the temperature non-uniformities present experimen-
tally during the heating of the glow plug. Two-dimensional fields of temperature and
velocity (magnitude), velocity vectors, and mass fractions of OH and HO, are shown
in Figure 9 and Figure 10. Three different times, t=7;4,-375 ps (shortly before igni-
tion), t=7;,,=2.899875 s (ignition kernel formation), and t=r;,,,+75 us (early stages
of flame propagation) show the ignition evolution. All fields are re-scaled to cover

their full range within the computational domain at each time.

Figure 9 (top) shows the temperature and velocity (magnitude) fields obtained
at t=T;4,-375 s of heating along with velocity vectors showing the buoyancy flow
induced by the glow plug. The velocity vectors illustrate the flow occurring near and
above the glow plug. In the vicinity of the hot surface there is a thermal boundary
layer and above the glow plug, a thermal plume. Fresh cold gas enters the thermal
boundary layer from below and heats up as it travels upward along the side of the
glow plug surface. The thermal boundary layer separates once the gas reaches the
upper edge of the glow plug, creating a region at the top of the hot surface where
the gas stagnates. Outside of this region, the mixture continues to rise to the top of
the combustion vessel. Figure 10 (top) shows that chemical activity is confined to
the top of the glow plug from very early on, where the temperature gradient normal
to the surface is shallowest because convective losses are minimal. The temperature
maximum in the domain (7" = 938 K) corresponds to that of the glow plug surface

at this time.

At t=7,,,=2.899875 s, ignition takes place. The energy release rate is sufficiently
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Figure 9: Temperature and velocity (magnitude) fields, and velocity vectors in the vicinity of the
uniformly heated glow plug for a stoichiometric hydrogen-air mixture at P=101 kPa, and 7,=300
K. At t=7;4,-375 ps (shortly before ignition); at t=7,4,2.899875 s (ignition kernel formation); at

t=Tign-75 us (early stages of flame propagation) using Mével’s mechanism.
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Figure 10: Species mass fraction fields (HO5 and OH) in the vicinity of the uniformly heated glow
plug for a stoichiometric hydrogen-air mixture at P=101 kPa, and T, = 300 K. At t=T;4,-375 us
(shortly before ignition); at t=7;4,=2.899875 s (ignition kernel formation); at t=7;4,+75 ps (early

stages of flame propagation) using Mével’s mechanism.
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strong to overcome diffusive and convective losses, raising the temperature to 1960
K. The high reactivity of stoichiometric hydrogen-air mixtures is evidenced by the
strong acceleration of the gas ahead of the ignition kernel with a velocity increase
from 0.674 to 13.8 m/s over 375 us (see Figure 9 — center). The mass fraction of OH
peaks across the flame front (see Figure 10), whereas that of HOy peaks in the pre-
heat zone ahead of the flame as expected. The last frame in Figure 9, at t=7;,,+75
us, shows the early stages of flame propagation. The gas continues to accelerate
from 13.8 to 21.2 m/s in an even shorter time interval with the maximum in velocity
located immediately ahead of the flame. The shape of the flame is determined by
the preferential propagation of the combustion front along the thermal plume where

fresh combustible mixture is hottest.

From the evolution shown above, a combustible mixture exposed to a uniformly
heated glow plug should always ignite at the top where the interaction of the flow
with the hot surface creates the critical conditions for ignition to occur. In this
region, as explained above, convective losses are minimal resulting in a shallow tem-
perature gradient and higher temperatures further away from the wall allowing for
the chemical source term to increase exponentially [20]. The side ignition observed
experimentally should then be caused by a temperature difference between the side
and the top of the glow plug induced by non-uniform heating at high heating rates.
To test this hypothesis, a temporally and spatially varying boundary condition was

imposed on the glow plug surface and the results are discussed next.

5.2.2. Non-uniform heating

Additional simulations were run in which the boundary condition for temperature
on the surface of the glow plug was given by T'(t,y) = [T, + Asin(ny/h)] + at (see
Figure 11). This corresponds to half of a sine wave with amplitude A that peaks at
y = h/2 where h = 9.3 mm is the height of the glow plug. We could have used /imposed
the same profile as that shown in Figure 4, however the current choice enables to

easily change the amplitude of the non-uniformity to systematically study how the
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temperature difference between the top and the side of the glow plug influences the
ignition behavior and location. We recognize that the current approach corresponds
to a simplification of the experimental configuration since the temperature difference
between the top and the side of the glow plug is likely time-dependent and here, we

modeled it as constant.

10

y (mm)
(3]

300 310 320 330 340 350
Temperature (K)

Figure 11: Initial temperature distribution imposed on the glow plug surface given by T'(t,y) =
(T, + Asin(my/h)]) + at where A is the amplitude of the sine wave, y is the vertical coordinate
along the glow plug surface and h is the height of the glow plug; « is the previously defined heating

rate.

A temperature difference of 50 K on the surface of the glow plug was sufficient
to trigger side ignitions. Two additional values of A were tested (25 and 12.5 K)
to determine the minimum value of A that will no longer result in side ignitions.
A temperature difference of 25 K also resulted in an ignition kernel forming on the
side of the glow plug. However for A=12.5 K, ignition took place at the top. No
further values of A were considered, hence it can be concluded that for stoichio-
metric hydrogen-air mixtures, non-uniformities in the range 12.5-25 K are required
to trigger side ignitions. In the discussion section we will explain, using chemical
kinetic arguments, why hydrogen-air mixtures are particularly sensitive to tempera-
ture non-uniformities. This is in contrast with mid-size hydrocarbons like n-hexane
that exhibit more stable behavior experimentally even when high temperature ramps

(~ 220 K/s) are used, see Boettcher [15].
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Figure 12: Temperature and velocity (magnitude) fields, and velocity vectors in the vicinity of
the non-uniformly heated glow plug for a stoichiometric hydrogen-air mixture at P=101 kPa,
and T5=300 K. At t=7;4,,-11.7 ms (early stages of heating); at t=Tign=2.7367 s (ignition kernel

formation); at t=7;4,+0.05 ms (early stages of flame propagation) using Mével’s mechanism.
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Figure 13: Species mass fraction fields (HO5 and OH) in the vicinity of the non-uniformly heated
glow plug for a stoichiometric hydrogen-air mixture at P=101 kPa, and T, = 300 K. At t=7;4,,-11.7
ms (early stages of heating); at t=7;4,=2.7367 s (ignition kernel formation); at t=7;4,40.05 ms

(early stages of flame propagation) using Mével’s mechanism.



Figure 12 and Figure 13 show the same fields presented for the uniform heating
case but with A=50 K. Note that at t=7;4,-11.7 ms, temperature and velocity fields
are virtually unaffected by the presence of the temperature non-uniformity imposed
on the glow plug wall, and visually, are close to those shown in Figure 9. Exper-
imentally the same outcome is observed (see Figure 5 top row). Because a fluid
parcel traveling along the side of the glow plug will experience higher temperatures
close to the wall than for the uniform heating case, the mass fraction fields show
that chemical activity is no longer located at the top of the glow plug but at the
side. Shortly after, an ignition kernel appears, and subsequent flame propagation

takes place.

5.3. Effect of hydrogen concentration on the ignition temperature threshold

Twenty-four additional simulations were performed to construct Figure 14 which
shows the effect of hydrogen concentration on the ignition threshold for the 4 ki-
netic mechanisms considered (6 points per model) and how they compare with the
experimentally reported thresholds. The differences between the experimental and
the predicted ignition thresholds range between 50 and 110 K for Xy,=10% and
between 120 and 180 K for X3,=70%. In line with the 0-D predictions shown in
subsection 5.1, Konnov yields the lowest ignition threshold (910 K for Xy,=10%
- 920 K for Xy=70%), and GRI-Mech the highest (970 K for Xy:=10% - 980 K
for Xgo=70%). Mével’s and Hong’s mechanisms lie within these bounds. However
Hong’s is the most sensitive to hydrogen concentration yielding ignition thresholds of
948 K for Xyo=10% - 970 K for Xy2=70%, whereas Mével’s exhibits no dependence
as a function of hydrogen concentration with an essentially flat ignition threshold of

938 K.

To gain insight into the differences between the reaction models predictions, we
examined the temporal species profiles at the ignition location predicted by Mevel’s
and Hong’s models for 10% and 70% H, in air. These are shown in Figure 15. For
the 10% Hs case, the ignition temperature predicted by the two models is close (938
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K for Mevel and 948 K for Hong) and the profiles for most species are quasi-identical
in shape and amplitude. The most noticeable difference is observed for H,Oy whose
mass fraction exceeds 1076 0.5 ms earlier for the simulation performed with Hong’s
model. For the 70% Hs case, the ignition threshold is 938 K for Mevel’s model and
970 K for Hong’s model. Although the species profiles for the major species are very
similar, more pronounced differences are observed for HO, and H,O, with predicted
mass fractions respectively three and six times higher at 1.5 ms prior to ignition for
the simulation performed with Hong’s model. In addition, the ratio Yno2/Yn02 is
higher for the simulation performed with Hong’s model. The difference of ignition
threshold between the two reaction models is then mainly explained by the higher
thermal stability of HO5 and Hy O predicted by Hong’s model. Because of this higher
stability, the production of active radicals (OH) from these two species is delayed for

the simulation performed with Hong’s model resulting in a higher ignition threshold.

5.4. Effect of surface reaction on the ignition temperature threshold

While the numerical simulations also predict an increase in threshold with increas-
ing hydrogen concentration when the model of Hong et al. is used, the predicted
ignition threshold is quantitatively lower than that found experimentally by 70 K
for Xyo=10 % and 130 K for Xy,=70 % (see Figure 14). We speculate that because
of the reactivity of the glow plug surface (316 stainless steel), the ignition threshold
may be increased due to surface chemistry. Based on the previous experimental
evidence [7, 9], the ignition thresholds obtained with chemically active materials
tend to be higher than for a non-reactive surface. This increase is attributed to
the enhanced recombination of reactive radicals at the surface, see Roth et al. [7].
As demonstrated by Glorian et al. [48, 49] and Maestri and Cuoci [50], numerical
modeling of surface reactions requires significant code development as well as care-
ful estimation of the rates of the physical and chemical processes taking place, and
is therefore beyond the scope of the present study. Nevertheless, it is possible to
obtain an upper limit of the effect of species quenching/adsorption at the wall of the
glow plug by changing the boundary condition for the species of interest from von

Neumann (zero gradient) to Dirichlet (fixed value). A similar approach was used
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by Sano and Yamashita [51] to investigate the ignition of methane-air flames within
a thermal boundary layer. We chose to set the value of the mass fractions of H
(most diffusive species) and HO, (important species according to an ignition path-
way analysis performed in Melguizo-Gavilanes et al. [20]) to zero independently, and
then allow both to vanish simultaneously, to assess their effect on the numerically
predicted ignition threshold. This exercise was carried out using Hong’s mechanism
only as this kinetic scheme shows the strongest dependence with hydrogen concen-

tration among the mechanisms considered.
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Figure 16: Effect of species quenching at glow plug surface on the numerically predicted (2-D)
ignition threshold for hydrogen-air mixtures of different concentrations using Hong’s mechanism.

Conditions: P=101 kPa, and T, = 300 K. vNeumann BC corresponds to the reference case.

Figure 16 shows the results. Destruction of H atoms at the wall brings the ignition
threshold up to 985 K for Xz5=70 %. HO, has a greater influence with a numerical
threshold of 1000 K for Xz,=70 %. Setting both intermediate species mass fractions
to zero at the wall results in an ignition threshold of 955 K for X,=10 % and 1015
K for Xgo=70 %. With this approach, the predicted thresholds are 65 and 85 K
lower than those found experimentally, respectively for Xzo=10 and 70 %. These
latest numerical results are to be taken with caution, and were included here merely
to show what behavior is to be expected when species are quenched at the wall, and
how this affects the numerically predicted ignition thresholds. Implementation of

heterogeneous chemistry in our numerical model will be a topic of future work.
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6. Discussion

Figure 17 summarizes the experimental and numerical results of the present study
along with the experimental results from Kumar [52], Roth et al. [7, 8], and Beyer
and Markus [9]. Our experimental results place the surface temperature threshold
for ignition of hydrogen-air mixtures at 1010, 1050 and 1100 K for Xy»=>5, 30 and
70 %, respectively. According to Kumar [52], the ignition threshold lies at about 930
K and is independent of the hydrogen content between 10 and 50% of hydrogen in
air. Direct comparison of our experiments with Kumar’s results is not possible due
to the difference between the two experimental configurations. Kumar employed a
closed vessel and heated the mixtures with four slowly heated (5 K/s) stainless steel
rods. The fluid motion was very different than in the present experiments which
could significantly influence the ignition temperature threshold, as well as the much
lower heating rate. In addition, the temperature was measured using thermocouples
strapped to the hot surfaces which, according to our previous results (see Mével
et al. [19]) could significantly underestimate the surface temperature. Issues with
thermocouple temperature measurements in this type of flows include conduction
losses along the leads, temperature gradients in the boundary layer, thermal contact
resistance between hot surface and thermocouple, and convective and radiative heat
losses from the thermocouple and leads to the surroundings. Based on our previous
results, surface temperatures measured using contact thermocouples could be up to
150 K lower than the actual surface temperature for temperatures on the order of

1000 K. Consistent values were reported by Smyth and Bryner [53].

Experimental configurations closer to the present study include Roth et al. [7, §]
and Beyer and Markus [9] who investigated the ignition of hydrogen-air mixtures
by laser heated spherical particles. Roth et al. [7] investigated a large number of
experimental configurations by varying both the sphere diameter and the surface
material. To maintain the clarity of the discussion, we have selected a few number
of conditions to illustrate the main trends observed experimentally. For complete-
ness, we included a summary of all the experimental data from the present study

and from Roth et al. [7, 8], Kumar [52], and Beyer and Markus [9] as an appendix.
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Figure 17: Summary of results: present experiments and selected literature data. Conditions:

P=101 kPa, and T, = 300 K.

Roth et al. [7], looked at the effect of material on ignition thresholds by keeping the
sphere diameter fixed at 0.8 mm. Two of the materials used were SizN, (inert) and
steel 1.3541 (reactive). For SizNy, they reported ignition thresholds in the range
1070-1180 K, respectively for Xz2=10 and 60% at ambient temperature and pres-
sure. For reactive steel spheres, they observed an increase in the ignition threshold,
reporting values of 1170 K for X5,=5% and 1330 K for X5=65%. These results are
consistent with those from the most recent study of Roth et al. [8] performed with
0.8 mm in diameter SizN4 spheres. Beyer and Markus [9] investigated the effect of
particle size by using inert iron oxide spheres of 0.5 to 1 mm in diameter. The exper-
iments were performed at 325 K and atmospheric pressure for mixtures containing
between 5 and 30% of hydrogen in air. For the smallest spheres, they reported an
ignition threshold between 1260 and 1360 K for Xzo=>5 and 30 %, respectively. For
the largest spheres, the reported threshold demonstrates a more complex evolution
with hydrogen content; the ignition temperature first drops from 1130 K at Xpgo=5
% to about 1050 K at Xgo=15 %, and then increases up to 1100 K at Xz2=30 %.
For Roth et al. [7, 8] and Beyer and Markus [9], the reported uncertainties are on the
order of £5 %, comparable to our experiments. While most studies tend to indicate
a linear increase of the threshold with hydrogen mole fraction, the uncertainty of the

experimental data complicates the interpretation of this trend. Using a 1-D radial
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model, Beyer and Markus [9] investigated the effect of the particle size further and
found an ignition threshold independent of the diameter for spheres larger than 5
mm and a strongly increasing threshold for diameters below 1 mm. The results of
Roth et al. [7, 8] and Beyer and Markus [9] seem consistent with the present experi-
mental observations in terms of ignition threshold variations with hydrogen content,
hot surface size and material, despite the very different heating rates used: 60 K/s
in the present study; 360 K/s by Beyer; and 3000 K/s by Roth. The large differences
between the heating rates used in these studies could, however, result in significant
discrepancies in the nature of the flow induced. For a heating rate of 3000 K/s,
Roth et al. [8] concluded that the ignition process was controlled by chemical ki-
netics rather than by transport. Because under our experimental configuration and
that of Beyer and Markus [9], ignition takes place at a location where convection
losses are minimized, transport phenomena control the ignition location rather than
the ignition threshold. Our numerical simulations indicate that the ignition event
should preferentially occur at the top of the glow plug slightly above the surface.
As explained in subsection 5.2, flow separation at the top edge of the glow plug,
results in the formation of an essentially stagnant pocket of gas above the top of the
glow plug resulting in longer residence times hence thermal runaway is more likely
to occur. Under conditions where non-uniform heating of our specific ignition device
surface occurs, both experimental and numerical results demonstrate that ignition
can take place on the side of the glow plug. This outcome is supported by the
very large activation energy of the auto-ignition process for hydrogen-air mixtures
in the temperature range of interest 900-1000 K. The sensitivity of the delay-time
to temperature is on the order of -1.2 to -8.5 %/K. This results in a delay-time up
to 25 times shorter for a temperature difference of 20 K. Consequently, the parcel of
gas that travels along the side of the glow plug can ignite before the volume of gas
stagnating just above the top surface of the glow plug. For hydrocarbon fuels such
as n-hexane, the temperature sensitivity of the ignition delay-time for temperatures
close to the ignition threshold (1200-1300 K) is only of about -0.5 %/K. As a result,
a much larger temperature non-uniformity would be required to induce side ignition

for these fuels.
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From the above analysis of the present results and those from the literature, it
is noted that the ignition by hot surface is a very complex process which depends
on residence time of the gas in the vicinity of the hot surface, the surface area, the
material properties, and the chemical behavior of the reactive mixture. All these
contributing aspects make the reported ignition temperature specific to the particu-
lar configuration employed during the experiments. Because the ignition thresholds
do not strictly apply to different situations, they do not constitute absolute values
and should be considered with caution. For Hs-air mixtures, ignition was observed
for temperatures above 1000 K in all the studies except that of Kumar who used
a much larger hot surface. These results demonstrate the predominant importance
of the surface area and associated residence time since ignition was observed by
Kumar at temperatures on the order of 900 K despite the dramatic increase of the
ignition delay-time below 950 K. In this regime of temperature, an increased impor-
tance of the low-temperature chemical pathways, responsible for the formation of
peroxides, is observed [20]. The ignition process is further complicated by the dif-
fusion of the intermediates to the wall and their reaction at the surface which may
promote (decomposition reaction: HyO3=20H) or inhibit (recombination reaction:
OH+H=H50) chemical run-away, depending on the specific chemical activity of the

material.

7. Conclusion

The hot surface ignition of hydrogen-air mixtures was characterized in terms of
ignition temperature threshold and ignition location using electrically heated com-
mercial glow plug. The dynamics of the ignition process was characterized using a
two-color pyrometer calibrated with a black body radiation source and high-speed
visualization based on the Mach-Zehnder interferometry technique. The effects of
composition and temperature non-uniformities on the glow plug were investigated
experimentally and numerically. The experimental ignition threshold demonstrated
an increase from 1010 K for Xgo=5 % to 1170 K for Xo,=74 %, close to the upper

flammability limit. The present results demonstrate consistent trends with previous
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experimental studies. The heating rate was found to influence the ignition loca-
tion with high heating rates favoring ignition on the side of the glow plug whereas
moderate heating rates resulted in ignition just above the top surface of the glow
plug. Two-dimensional numerical simulations were performed for both uniform and
non-uniform hot surfaces. The predicted ignition temperature threshold were found
to be lower than the experimental measurements by 40 to 180 K, depending on the
reaction model used in the simulations. Only the mechanism of Hong et al. [37]
reproduced the increase in threshold with hydrogen concentration observed exper-
imentally. The effect of surface chemistry was investigated in a very approximate
fashion by setting the concentration of H and HO, to zero at the glowplug surface
and determining the effect on ignition threshold. This resulted in an increase of the
ignition threshold of up to 50 K for X52=70 %. These results are consistent with our
previous reaction pathway analyses (Melguizo-Gavilanes et al. [20]) of the ignition
of hydrogen-air mixtures by a hot surface which demonstrated the importance of
H and HO, for the ignition process through the sequence: H+Oq(+M)=HOy(+M);
HO>;+H=0OH+OH. It was also shown that, due to the very high activation energy
of the ignition process for hydrogen-air mixtures in the temperature range of 900-
1000 K, a temperature difference between the side and the top of the glow plug as
low as 12.5-25 K could cause side ignition. The present results indicate that hot
surfaces with well defined properties are needed to enable a precise characterization
of the ignition process in terms of temperature threshold and ignition dynamics. In
order to make a direct comparison with the numerical simulations, surface reactions
should be accounted for in the simulations but this approach requires significant

code development and accurate estimation of the surface reaction kinetics.
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Appendix: Summary of ignition temperature threshold data

The available data on the ignition temperature of hydrogen-air mixtures by a

stationary hot surface are summarized in Figure 18 and Table 1 to Table 5.

Table 1: Present ignition temperature measurements for hydrogen-air mixtures using a commercial

glow plug made of stainless steel 316.

Dimension (mm) Xpgo (%) Ty, (K) Material

5x9.3 5.0 1012 SS 316
5x93 2.0 1017 SS 316
5x93 5.0 1015 SS 316
5x9.3 7.5 1018 SS 316
5x9.3 7.5 1016 SS 316
5x 9.3 10.0 1021 SS 316
5x93 10.0 1022 SS 316
5x9.3 15.0 1032 SS 316
5x 93 20.0 1039 SS 316
5x93 25.0 1051 SS 316
5x9.3 30.0 1057 SS 316
5x9.3 35.0 1058 SS 316
5x9.3 40.0 1064 SS 316
5x93 45.0 1070 SS 316
5x9.3 50.0 1077 SS 316
5x 9.3 25.0 1082 SS 316
5x93 60.0 1089 SS 316
5x93 65.0 1101 SS 316
5x 93 70.0 1100 SS 316
5x9.3 72.5 1133 SS 316
5x93 73.0 1166 SS 316
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Table 2: Ignition temperature measurements by Kumar [52] for hydrogen-air mixtures using stain-

less steel heated rods.

Dimension (mm) Xpgo (%) Ty, (K) Material

8 x 200 10.2 927 SS
8 x 200 12.5 924 SS
8 x 200 12.5 919 SS
8 x 200 15.1 921 SS
8 x 200 20.1 926 SS
8 x 200 20.1 919 SS
8 x 200 25.1 940 SS
8 x 200 25.0 911 SS
8 x 200 25.0 905 SS
8 x 200 40.1 937 SS
8 x 200 48.3 930 SS
8 x 200 49.9 939 SS
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Table 3: Ignition temperature measurements by Beyer and Markus [9] for hydrogen-air mixtures

using a spherical particle.

Diameter (mm) Xpgo (%) Tiy (K) Material

1 5.0 1128  Iron oxide
1 6.0 1157 Iron oxide
1 7.0 1116  Iron oxide
1 8.0 1136  Iron oxide
1 10.0 1096  Iron oxide
1 14.9 1054  Iron oxide
1 19.9 1054  Iron oxide
1 24.9 1075 Iron oxide
1 29.0 1095  Iron oxide
0.75 6.0 1205 Iron oxide
0.75 7.0 1205  Iron oxide
0.75 8.0 1280  Iron oxide
0.75 10.0 1259  Iron oxide
0.75 14.9 1162 Iron oxide
0.75 20.0 1280  Iron oxide
0.75 24.9 1300 Iron oxide
0.5 5.0 1259  Iron oxide
0.5 6.0 1232 Iron oxide
0.5 10.0 1280  Iron oxide
0.5 15.0 1321  Iron oxide
0.5 19.9 1362  Iron oxide
0.5 25.0 1362  Iron oxide
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Table 4: Ignition temperature measurements by Roth et al. [8] for hydrogen-air mixtures using a

spherical particle.

Diameter (mm) Xpgo (%) Ty (K) Material

0.8 4.9 1163 SigNy
0.8 9.9 1081 SigNy
0.8 15.0 1075 SigNy
0.8 20.0 1085 SigNy
0.8 30.7 1085 SizNy
0.8 46.9 1132 SigNy
0.8 53.4 1156 SigNy
0.8 61.0 1176 SigNy
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Table 5: Ignition temperature measurements by Roth et al. [7] for hydrogen-air mixtures using a

spherical particle.

Diameter (mm) Xpgo (%) Tiy (K)  Material

0.3 5.1 1291 Tungsten
0.3 10.1 1320 Tungsten
0.3 15.0 1285 Tungsten
0.3 20.1 1256 Tungsten
0.3 30.0 1278 Tungsten
0.8 5.1 1074 Tungsten
0.8 10.1 1072 Tungsten
0.8 15.0 1082 Tungsten
0.8 20.1 1082 Tungsten
0.8 30.2 1116 Tungsten
0.8 40.0 1100 Tungsten
0.8 49.9 1183 Tungsten
0.8 60.1 1210 Tungsten
0.6 4.9 1113 Steel 1.3505
0.6 9.9 1111 Steel 1.3505
0.6 15.0 1088  Steel 1.3505
0.6 19.9 1123 Steel 1.3505
0.6 30.0 1155  Steel 1.3505
0.6 40.0 1176 Steel 1.3505
0.6 50.1 1233 Steel 1.3505
0.8 4.9 1066  Steel 1.3505
0.8 10.1 1064  Steel 1.3505
0.8 15.0 1060  Steel 1.3505
0.8 19.9 1086  Steel 1.3505
0.8 30.0 1115  Steel 1.3505
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Diameter (mm) Xpgo (%) Ty (K)  Material
0.8 40.0 1147 Steel 1.3505
0.5 15.0 1133 SizNy
0.5 19.9 1131 SizNy
0.5 50.1 1222 SizNy
0.8 10.1 1070 SigNy
0.8 15.0 1064 SizNy
0.8 20.1 1072 SizNy
0.8 30.0 1086 SigNy
0.8 40.0 1129 SizNy
0.8 50.1 1149 SizNy
0.8 60.1 1177 SigNy
0.4 4.9 1319  Steel 1.4034
0.4 10.1 1305  Steel 1.4034
0.4 15.0 1311 Steel 1.4034
0.4 19.9 1317  Steel 1.4034
0.4 30.0 1350  Steel 1.4034
0.4 40.0 1412 Steel 1.4034
0.5 4.9 1282 Steel 1.4034
0.5 10.1 1272 Steel 1.4034
0.5 15.0 1265  Steel 1.4034
0.5 19.9 1292 Steel 1.4034
0.5 30.0 1332 Steel 1.4034
0.5 40.0 1363  Steel 1.4034
0.5 49.9 1410  Steel 1.4034
0.7 5.3 1168  Steel 1.4034
0.7 9.9 1170  Steel 1.4034
0.7 15.0 1172 Steel 1.4034
0.7 20.1 1156 Steel 1.4034
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Diameter (mm) Xpgo (%) Ty (K)  Material
0.7 30.0 1179 Steel 1.4034
0.7 40.0 1191 Steel 1.4034
0.7 50.1 1249 Steel 1.4034
0.7 60.1 1317  Steel 1.4034
0.6 5.1 1197  Steel 1.3541
0.6 10.1 1195  Steel 1.3541
0.6 15.0 1212 Steel 1.3541
0.6 20.1 1205  Steel 1.3541
0.6 30.2 1234 Steel 1.3541
0.6 40.0 1265  Steel 1.3541
0.6 50.1 1276 Steel 1.3541
0.8 4.9 1172 Steel 1.3541
0.8 10.1 1164  Steel 1.3541
0.8 15.0 1170  Steel 1.3541
0.8 20.3 1187  Steel 1.3541
0.8 30.0 1208  Steel 1.3541
0.8 40.0 1243 Steel 1.3541
0.8 49.9 1288  Steel 1.3541
0.8 59.9 1346  Steel 1.3541
0.8 65.1 1328  Steel 1.3541
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Figure 18: Summary of available data on stationary hot surface ignition of hydrogen-air
mixtures from Kumar [52], Roth et al. [7, 8]. Steel 1: steel 1.3505; Steel 2: steel 1.4034;
Steel 3: steel 1.3541.
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